Abstract-In this work, we used a commercial charge-coupled device (CCD) camera to detect and monitor terrestrial cosmic rays at ground level. Multi-site characterization has been performed at sea level (Marseille), underground (Modane Underground Laboratory) and at mountain altitude (Aiguille du Midi-Chamonix Mont-Blanc at m of altitude) to separate the atmospheric and alpha particle emitter's contributions in the CCD response. An additional experiment at avionics altitude during a long-haul flight has been also conducted. Experiment results demonstrate the importance of the alpha contamination in the CCD response at ground level and its sensitivity to charged particles. Experimental data as a function of CCD orientation also suggests an anisotropy of the particle flux for which the device is sensitive. A complete computational modeling of the CCD imager has been conducted, based on a simplified 3D CCD architecture deduced from a reverse engineering study using electron microscopy and physico-chemical analysis. Monte Carlo simulations evidence the major contribution of low energy (below a few MeV) protons and muons in the CCD response.
I. INTRODUCTION
T HE metrology of cosmic ray induced particles is an important challenge for the understanding of basic mechanisms and the estimation of soft errors in electronics. If the effort has so far focused mainly on the characterization of atmospheric neutrons, one must no longer neglect protons and muons at ground level (specially low energy particles), which are susceptible to contribute to single event effects (SEE) in modern nanoelectronics [1] [2] .
Charge-Coupled Devices (CCDs) and other solid-state image sensors [3] [4] are very attractive devices to detect and investigate interactions between radiation and electronics. In particular: i) the target material is mainly silicon as in any integrated circuit, a link between events observed in CCDs with phenomena occurring in circuits can be envisaged; ii) the CCD can "image" with a pixel size resolution (a few m ) the charge deposited by ionizing particles; iii) CCD has a high sensitivity of a few tens of electrons at pixel-level [4] , ideal for the detection of lightly ionizing particles.
In the present work, we used a simple commercial CCD camera as atmospheric radiation detector. Previous works [5] - [14] published in literature have already demonstrated the capability of such CCDs or other solid state image sensors in general to investigate, with a high spatial resolution (in the range of order of the pixel size, typically a few microns in these studies) and a high sensitivity (of a few tens of electrons collected at pixel-level), the interactions between atmospheric particles and silicon in the natural radiation background or using artificial sources of radiation. With respect to these studies, the present work focuses on complementary issues, reporting new experimental evidences concerning the following points detailed in Section II: i) the predominant role of charged particles in the CCD outdoor response, ii) the impact of contamination by alpha-particle emitters from underground experiments, iii) the influence of CCD orientation and the characterization of particle flux anisotropy at ground level. Our experimental conclusions are supported by the results of numerical simulation detailed in Section III that considers a simplified 3D architecture of the device and takes into account the impact of both alpha contamination and atmospheric particles on the CCD response for the different radiation environments. 
II. EXPERIMENTS

A. Experimental Setup
An experimental setup based on a commercial USB2.0 CCD monochrome camera (The Imaging Source, model DMK 41BU02) taking 3.75 frames/s in the complete darkness has been developed. The camera was used without any optical system in front of the sensor. The square image sensor (reference Sony ICX205AL) is an interline CCD [15] with a diagonal of 8 mm. It is composed of an array ( effective pixels) of square pixels ( m ) array with a vertical antiblooming structure. Progressive scan allows all pixel signals to be output independently within approximately 143 ms. Pixels have a charge saturation capacity of 13,000 electrons (datasheet specification). The setup also includes a control PC and a sophisticated image processing software developed under Visual Basic and linked with Matlab routines. This later performs real-time frame cleaning and analysis, event extraction under the form of small images (with adjusted dimensions to capture each event) and the storage of these "event images" and related information into a database implemented on the same PC. This database also contains information about all damaged or instable pixels, subjected for example to random telegraph signal (RTS [16] ) noise or other characteristic electrical instabilities [4] .
When a frame is captured by the CCD, a preliminary frame cleaning is performed by subtracting the current frame with the previous one; events are then detected by applying to this new image a series of mathematical treatments that isolate pixels or group(s) of connected pixels with an electrical charge clearly above the background and verifying certain threshold criteria. This operation consists of the identification of pixels above a first threshold value and to examine if the neighboring pixels (up to the second neighbors) are also above a second value (below the first threshold but above the image background). As a function of the test result, the detected events have been classified into two types (see Fig. 1 in II-C): single pixel event (SPE) that corresponds to isolated pixels and multiple pixel event (MPE) that corresponds to a group of adjacent or neighboring pixels (i.e., which present pixel connectivity). Finally, the software calculates different event rates during the experiment: a single pixel rate (SPER) and a multiple pixel rate MPER, typically expressed per hour. The deposited charge corresponding to each detected event is estimated by summing the values (i.e., the readings) of the event pixels, considering a linear dependence between a pixel value and its electrical charge up to the datasheet value for charge saturation. The Sony ICX205AL being characterized by a vertical antiblooming structure, if a pixel (or a group of pixels) reaches the saturation, the evaluation of the deposited charge may be under evaluated in this case.
B. Test Locations and Measurement Campaigns
Different experimental campaigns of measurements were performed in 2012, 2013 and 2014 (Section IV) using the same CCD camera transported in three different locations, as summarized in Table I : at sea-level in Marseille (altitude of 120 m), in high altitude at the Aiguille du Midi (3780 m) to increase the atmospheric radiation, and underground at LSM laboratory ( m under the surface) to completely screen this radiation. Four other DMK 41BU02 cameras have been also tested in Marseille to verify their long-term radiation response; no significant difference from a camera to the other has been observed in the event rates reported in the following. Fig. 1 shows a panel of typical SPE and MPE events detected by the CCD under complete darkness. A collection of sev- eral thousands of such images has been obtained from the different measurement campaigns. As illustrated in Fig. 1 and already reported and analyzed in previous works [7] [8], [11] [12], MPE events have different topology shapes as a function of the number of ionizing particles involved in the underlying interaction mechanisms: the cluster of adjacent pixels may be a spot, a straight segment or a multi-branch shaped form. The central image of Fig. 1 shows a typical event that certainly corresponds to the signature of a neutron-induced reaction with three ejected evaporation particles that travel in the plane of the CCD. It could also have been caused by a high-energy proton.
C. Experimental Results
From the date and time stamping of all the detected events, the image control and processing software evaluates in real-time the hourly SPE and MPE event rates, reported in Fig. 2 for the three test locations. These values have been averaged over several weeks for each location. On one hand, rather close results have been obtained for underground and sea level tests ( in the global event rate with respect to the underground value), strongly suggesting that for this commercial sensor the dominant role of alpha-particle emitters present under the form of traces of contaminants in CCD and/or packaging materials. On the other hand, high altitude measurements show a clear increase (by a factor ) of both SPE and MPE rates with respect to those of sea level, attesting the additional detection of atmospheric particles but with an increase well below the ratio of the site acceleration factors usually considered for neutron flux [17] . The distribution of event size and charge will be discussed later in this paper.
In order to identify the nature of the atmospheric particles responsible of the CCD response at ground level, we performed correlation studies with the responses of two additional instruments available in our laboratory in Marseille at sea level:
• The CCD signal was first compared with the signal of a neutron monitor (data not shown), which is the clone of the Plateau de Bure neutron monitor installed on the ASTEP platform [18] . No frank correlation between the event pixel rate and the neutron monitor signal has been obtained, suggesting a negligible contribution of atmospheric neutrons in the CCD pixel event rate. Comparison between the experimental responses of the CCD and an ultra-low background alpha particle counter (model XIA UltraLo-1800) capable of discriminating the origin of detected particles. The "round" signals correspond to charged atmospheric particles traversing the ionization chamber. Measurements performed at IM2NP Laboratory in Marseille (sea level) with an integration time of 1 h for count rate data (CCD and XIA).
• A second comparison study was also conducted, considering this time the "round" signal of an ultra low background alpha-particle counter (Xia UltraLo-1800) also installed in the same room as the CCD setup. "Round" events are the signature of charged atmospheric particles that passes through the argon ionization chamber of the counter, as distinctly demonstrated in recent experimental and simulation works [19] [20] . In contrast with the neutron monitor, a clear correlation (Pearson product-moment correlation coefficient ) was observed between the variations of the CCD pixel event rate (around its averaged and rather constant value at sea-level) and the variations of the "round" signal delivered by the ionization chamber. This comparison, shown in Fig. 3 , suggests that the CCD signal variations may be roughly due to the interactions of charged particles with the CCD.
Finally, we investigated the impact of the CCD orientation on the event rates measured at sea level. Figs. 4 and 5 show the results of these SPE and MPE hourly rates for both vertical and horizontal orientations of the CCD plane. Even if the response of the CCD seems to be essentially dominated by the contribution of the alpha particle emitters at sea level, as previously shown in Fig. 2 (this contribution represents about 80% of the pixel event rate), a small but detectable and reproducible variation of the signals is evidenced (around their average values) when switching the CCD from horizontal to vertical position (and vice-versa): SPER decreases while MPER increases, that is consistent with an anisotropy of the atmospheric particle flux mainly responsible of the detected events. Indeed, while these events contribute to less than 20% of the total CCD response ( ), they differently impact SPE and MPE events as a function of the sensor orientation, as experimentally demonstrated by results shown in Fig. 4 . Assuming a preferential CCD sensitivity to charged particles (see Section III, notably Fig. 12 ), Figs. 4 and 5 suggest that these particles predominantly arrive in Fig. 4 . Experimental SPE and MPE rates for horizontal and vertical positions of the CCD (Marseille location). Data obtained with an integration time of 1 h and averaged over 24 h using a simple moving average. The schematic above the graphic illustrates how atmospheric charged particles intersect the active pixel area; the probability of SPE (resp. MPE) is lower (resp. higher) for the vertical orientation of the CCD with respect to the horizontal one. the vertical direction at ground level. This is coherent with the schematic illustration of Fig. 4 based on simple geometrical considerations (intersections of particle tracks with pixels): when the CCD is horizontal, the probability of SPE is higher than the one of MPE; inversely, when the CCD is vertical, the probability to capture events with straight line topology is higher, due to the alignment of the pixel plan with the incoming particle trajectories; this situation is clearly favorable to multiple pixel events. This first-order interpretation is consistent with the experimental results shown in Fig. 5 : with a vertical orientation, a few MPE events greater than 20 in size have been detected (one reaches 57 pixels in size), that is not the case for the horizontal position. In this latter case, the maximum size of the detected event is 18 pixels during the experiment.
III. MODELING AND SIMULATION
In a second part of this work, we performed the complete modeling and numerical simulation of the CCD device subjected to the terrestrial natural radiation environment. Our objective is to clearly reproduce the experimental results to explain the underlying mechanisms of the CCD response, notably in terms of particle sensitivity, image signatures and both SPE and MPE probability distributions.
The first step of this work was to determine the internal architecture of the CCD device to correctly model this complex stack of materials. A sacrificed device was investigated using focused ion beam (FIB), electron microscopy (SEM, TEM) and chemical microanalysis (Electron Energy Loss Spectroscopy, EELS). From these data, we constructed a simplified but realistic 3D model of the complete pixel array with exact dimensions in the three directions and exact chemical composition of the different layers. Unfortunately, the detailed information about the pixel structure (internal architecture, doping profiles, etc.) being proprietary and difficult for us to analyze in the present approach, the accuracy of the model may be limited, especially at silicon level.
To simplify the device geometry modeling for the back-end-of-line (BEOL that contains contacts, insulating layers and metal levels above silicon), the material stack was replaced by a single layer of equivalent thickness and containing a mixture of all elements of the real BEOL (primarily W, , Al and with the following respective percentages: 10.2%, 18.9%, 54.3% and 16.7%).
A dedicated code based on computational libraries developed at IM2NP-CNRS has been specially developed to perform numerical simulations. Fig. 7 shows the flowchart of this code. The particle generator considers atmospheric particle energy distributions given by the JEDEC [17] (neutrons) and the PARMA/EXPACS [21] or QARM [22] (protons, muons) models; the particles are incident on the circuit with a given distribution for the zenithal angle, as discussed and used in Ref. [18] . Fig. 8 shows both muon and proton spectra for Marseille and Aiguille du Midi test locations considered in the simulations. Alternatively, alpha particles generated from randomly distributed impurities (uranium and thorium decay chains) in the circuit materials can be considered. Nuclear event databases, separately computed using Geant4 [23] , have been considered for the description of neutron and high-energy proton interactions with the circuit materials. A numerical modeling of the SRIM tables has been also included to treat the transport of all charged particles within the device, including muons and low-energy protons [24] . Values for muons have been estimated by applying mass scaling to proton transport tables, as specified in [25] . The code transports particles through the device, evaluates the electrical charge deposited and collected within each pixel and computes the corresponding image and characteristics (size, charge, etc.) of each event, applying the same discrimination threshold criteria as considered in the experiment by the software.
A special attention has been paid to the impact of all material layers above the front-end-of-line (FEOL, i.e., silicon-level) of the CCD that can modify the characteristics of the incoming atmospheric particle flux. Indeed, the active region of the CCD is not directly exposed to the atmospheric radiation: overlayer stacks at the level of the BEOL and of the packaging (the protective glass above the CCD chip) can induce energy loss mechanisms for primary charged particles, i.e., the incoming atmospheric muons and protons. Fig. 9 shows the results of the numerical simulations quantifying the "filtering effects" of this additional structure (BEOL layer + protective glass) in the CCD. Charged particles passing through these layers undergo energy loss. It results a significant shift of the particle distributions toward low energies. Protons are more sensitive to this effect comparing to muons because of their more important LET in this low energy domain, typically below 2 MeV. As a result, incoming protons and muons below 400 keV and 200 keV, respectively, are totally absorbed by the overlayer stack. Note that we did not model the immediate surroundings of the device, in particular the CCD package itself, which can also have an influence especially for incident particles at angles off normal. Concerning the charge deposition, transport and collection mechanisms occurring in the CCD, several specific models have been published, notably in the solid-state image sensor community [6] , [11] [12], [26] - [29] . With respect to these models, our approach is very similar to that proposed by Pickel et al. [27] . In our approach, electrical charges have been considered to be deposited along the path of the ionizing particles assuming a line charge approximation without any radial extension at the time of deposition. Charges directly deposited in the volume of the CCD pixels (corresponding to the high electric field region in [27] ) are assumed to be fully collected; charges deposited outside these active volumes in the silicon substrate (i.e., the low field region in [27] ) are transported within the structure by a random-walk drift-diffusion model recently proposed [30] . This method is equivalent to that proposed by Ratti et al. [29] since we did not consider any electric field in this region. Consequently, the collection efficiency is less than 100% since a part of the charges is recombined or transported away from the pixels.
The model contains a certain number of adjustable parameters, and, as indicated by Picker et al. in [27] , it is important to carefully calibrate these parameters. To perform such a calibration, the main geometrical dimensions have been extracted from SEM and TEM observations, as previously mentioned. Typical values used for low-doped p-type silicon have been chosen for carrier mobility, diffusion coefficient and minority carrier liftetime related to the substrate region. Note that there are no fitting or unphysical parameters in the adopted model. In absence of direct measurement or estimation, only two parameters have been finely tuned to reproduce experimental data: the alpha particle emitter concentration in the CCD material (see further in this section) and the thickness of the "active layer" (see Fig. 6 ) fixed to m. Finally, note that the vertical anti-blooming structure has not been modeling in this first work, which could constitute Fig. 9 . Impact of the layered materials above the FEOL of the CCD device (BEOL stack and packaging protective glass) on the energy distributions of the proton and muon flux. Primary (QARM) and secondary spectra respectively refer to the incoming and transmitted particle distributions after their passage through the top material layers. Simulations done for Marseille (sea level) location.
a certain limitation of our approach. This point will be investigated in a forthcoming work. Fig. 10 summarizes the results of the Monte Carlo numerical simulations in terms of frequency (i.e., occurrence probability) distributions of event size (expressed in number of pixels) versus event charge for the different atmospheric particle sources (neutrons, protons and muons). In order to reach a sufficient event statistics, 500 millions of atmospheric neutrons and 1 million of muons and protons incident on the CCD surface have been considered. Only 0.33% of the incident atmospheric neutrons have been found to interact with the CCD materials and to induce detectable events, widely ranging in terms of collected charges and sizes. With respect to protons and muons, neutrons are responsible of the largest (but rare) events, characterized by a size typically above 80 pixels. In addition, the probability of multiple pixel events is larger for neutrons than for muons and protons. Around 95% of protons induce events via direct ionization and protons were found to deposit more charge compared to muons. The contribution of these latters is comparable to that of protons because of their abundance at ground level.
Concerning the contribution of alpha particles, Fig. 11 shows the simulated distributions of event multiplicities induced by the decay chain activity of both uranium and thorium impurities. We make the hypothesis that these impurities are uniformly distributed as traces in the CCD packaging and chip materials. Because alpha particles emitted from the two decay chains have a maximum range of about m in silicon ( m for the 8.78 MeV alpha particle emitted by the isotope in the thorium decay chain), they can induce MPE events with a size limited to 19 pixels in this particular device (with respect to pixel dimensions). The relatively high experimental pixel event rate ) has been numerically reproduced by forcing the uranium (and thorium) concentration to the value of 7 ppm in the device. This is an extremely high value [31] that certainly reflects a residual contamination problem in the chip and/or in the packaging. The cover protective glass, just in front of the sensor, should be at the origin of this problem since such a contamination with alpha radioactive impurities has been already observed in such materials [32] [33] . Due to the Fig. 11 . Simulated distributions of event sizes induced by the decay chain activity of both uranium and thorium impurities considered as ultra-traces uniformly distributed in CCD bulk materials.
extremely reduced surface of this piece of material, it was not possible to investigate this problem, for example with a direct emissivity measurement using an ultra-low background alpha particle counter. The origin of the alpha contamination of the CCD remains thus not completely explained at this level of our investigations. Fig. 12 shows the comparison of the simulated pixel event rates with experimental measurements for the three different test locations. This graph confirms the role of alpha-particle emitters in the CCD response at sea level. Neutrons contribution is found negligible for this device at ground level whereas muons and protons contributes to about 15% in the pixel event rate at sea level (Marseille) and about 45% at mountain altitude (AM). When cumulating the different contributions for alphas, neutrons, muons and protons, the estimated pixel event rates for the three locations correctly match the experiment values. This quantitative result is strengthened by the very satisfactory agreement between simulations and measurements also obtained for the distribution of the MPE event size shown in Fig. 13 . This result supports the validity of our modeling approach that is capable to qualitatively reproduce the event images as illustrated in Fig. 14. This figure shows that the interaction signatures obtained from simulation and experiment are very similar.
IV. MODEL VALIDATION AT AVIONICS ALTITUDES
We took the opportunity of a long-haul flight at the end of this work to perform in-flight measurements (in the aircraft cabin) at avionics altitude (10,800 m) along a flight route characterized by important variations of the cosmic rays cutoff rigidity. This validation took a particular importance in view of results of Fig. 12 that demonstrates a limited contribution in the CCD response of atmospheric particles at ground level, even at high mountain altitude. Fig. 15 shows the flight route considered for this experiment; it corresponds to two commercial flights on May 29, 2014 connecting Frankfurt to Los Angeles and Los Angeles to Hawaii. 7 locations have been defined along the flight route; they are approximately equidistant in time-of-flight (roughly 1 hour). The duration of the experiment was limited to 7 hours due to the limited capacity of the power battery. Table II indicates the cosmic ray cutoff rigidity for these locations and the Table II show that important variations (factor ) characterize the proton and neutron fluxes between locations #1 and #7. This is primarily due to the dramatic Fig. 15 . Definition of locations #1 to #7 along the flight route used for in-flight measurements using the CCD camera. decrease of the cutoff rigidity along this route that impacts the intensity of terrestrial cosmic rays. Concerning the muon flux, this latter is less impacted (only by a factor ). These acceleration factors have been used to directly determine the contributions to the total pixel event rate of each particle type at avionics altitude from the simulated values at sea level. Table III shows the details of these calculations for protons, muons and neutrons. Note that there is no fitting parameter or data adjustment; the pixel rate at avionics altitude is directly deduced from the simulated value at sea level for each component of the atmospheric radiation background multiplied by the acceleration factor. This supposes that the different spectra at sea level and at avionics altitudes have similar shapes, which is of course a first-order approximation. Also note that the alpha particle contribution to the pixel event rate has been taken equal to the value measured from the underground test. Fig. 16 shows the comparison between measurements and simulations. A good agreement is found, within the experimental and simulation uncertainties, roughly estimated to about 20%, notably due to the approximate estimations of the aircraft positions, the averaging of the pixel event rate on one hour period and the evaluation of the different acceleration factors per particle type previously discussed. Fig. 16 demonstrates the capability of such a simple CCD device to very correctly monitor the radiation ambient in the aircraft cabin. Moreover, simulation results highlight the respective contributions of the different particle species to the CCD signal. Neutrons are found to marginally contribute to the counting rate, even at these altitudes, whereas muons and primarily protons dominate the CCD detection response. V. CONCLUSION
In conclusion of this work, we used a standard commercial CCD device to detect terrestrial cosmic rays at ground level and at avionics altitude. Underground experiments evidenced, for the particular device used, a surprisingly high contribution of the alpha contamination in the CCD response, largely contributing to screen the influence of atmospheric radiation at sea level. Nevertheless, the pixel event rate has been found to increase with altitude and to finely depend on the orientation of the device at ground level, suggesting an anisotropy of the particle flux to which the device is sensitive. A comparison with data obtained with other radiation detectors (neutron monitor, argon ionization chamber) operated in the close vicinity of the CCD experiment strongly suggested the role of atmospheric charged particles (muons and protons) in the observed pixel event rate. This experimental conclusion agrees well with works from astronomers for whom radiation effects in astronomical CCDs is a source of nuisance. In particular, lightly ionizing particles, such as muons but also electrons, have been recognized as an important source of unwanted radiation events in astronomical CCD images [34] . The contribution of energetic atmospheric electrons to the CCD pixel rate should be also explored in future works. Finally, concerning our modeling and simulation contribution, the complete development of a numerical model, taking into account the contribution of both atmospheric and alpha-particle emitters, allowed us to reproduce with a satisfactory agreement all the experimental data obtained. A final experiment at avionics altitude and the corresponding simulation deduced from the CCD response at ground level definitively validated our approach. Additional investigations to clarify the origin of the alpha contamination and the use of other types of CCD or image sensors constitute two short-term perspectives for this work.
